The developmental anatomy of the subterranean system in Mandevilla illustris (Vell.) Woodson (Apocynaceae)). Two species of Mandevilla from the savanna area of São Paulo State, Brazil were studied. These species have been prescribed as folk medicine as infusions or alcoholic extracts of the underground system for treatment of venomous snake bites. To explain the morphological nature of such a system, its ontogeny was described to determine which parts are involved in its formation. In both Mandevilla species examined, the underground system consists of a xylopodium whose basal region joins a tuberous root. 
Introduction
According to Brazilian traditional medicine, the crude extract of underground organs from Mandevilla illustris and M. velutina (Apocynaceae), is recommended for treatment of venomous snake bites. Their medicinal potential has been demonstrated by Calixto et al. (1987) .
These herbaceous plants are natives of tropical savannas (campos and campos cerrados in Brazil). They have to endure a long-lasting dry season (4-6 months). During this time, aerial shoots die and sprout again only during the next rainy period, which is also the flowering season. Apart from drought, another important factor in the life cycle of these species is fire, which every year sweeps the major part of the campo region burning off the aerial portions of the plant cover. With the coming of rain, new buds spring from the upper parts of the subterranean organs (Rizzini & Heringer 1961) .
These savanna plants need special study not only because of their reputed medicinal properties but also for their valuable applications to ecological studies. Besides information on their anatomy is very rare. The aim of this study was to investigate the nature of the subterranean organs of these species and to apply correct terminology. Sometimes the term xylopodium is used (Ferri 1969) , or rhizome (Calixto et al. 1987) or tuberous root (Woodson 1933) to describe the underground structures. Neither the organographical characters, nor the ontogeny of these structures have been described in the literature.
Material and methods
Seeds and shoots of Mandevilla illustris (Vell.) Woodson and M. velutina (Mart. ex kept under room temperature conditions. The seedlings were transplanted to pots of sand from the natural habitat of the species. Seedlings were harvested at different times and portions of the hypocotyl and root, at different stages of development up to the mature stage, were excised and fixed in formalin acetic alcohol (FAA 50) (Sass 1951) . The samples were dehydrated in serial concentrations of ethanol, embedded in paraffin, transverse and longitudinal serial sectioned, 8-14 µm thick and stained in safranin and fast-green, following the technique of Sass (1951) . Additionally, tissues from underground organs of 10 adult plants of each species were sectioned on a rotary microtome and stained in congo red and iodine green according to Dop & Gautié (1928) .
Results
General features of the subterranean system -In both species of Mandevilla, the subterranean system is made up of a vertically orientated axis in the soil (figures 1, 7-9). The upper portion (figure 7, Xy) is cylindrical, thin, woody and 5-18 cm long and 1-3 cm wide. It is situated superficially and new shoots arise from it periodically throughout its life cycle. The lower portion is variable in shape: fusiform, napiform or irregularly-spherical (figure 7, Tr), but it is always tuberous, soft and watery. It is 14-26 cm long and 10-14 cm wide (widest point) in M. velutina and 30-40 cm long and 15-23 cm wide in M. illustris. The diameter is wider in M. illustris because the lateral roots produced by the tuberous portion frequently undergo tuberization (figure 8, arrow). The surface is irregular because of callus-like protuberances. Root primary differentiation -Roots of both Mandevilla species are normally tetrarch (figure 2), but occasionally triarch, pentarch and hexarch. In all cases there is complete centripetal development of the primary xylem. Groups of phloem cells alternate with the primary xylem poles. The pericycle is uniseriate and can undergo divisions which produce lateral roots. The parenchymatous cortex is limited centripetally by a well-defined endodermis and centrifugally by the exodermis which has some thickwalled cells (figure 2). This layer is coverved by a uniseriate epidermis. Ontogenesis of the tuberous roots (lower portion) -The tuberization process occurs early in root growth, when roots are approximately 1 mm in diameter, that is, three months after planting (figure 1). The beginning of the anatomical events in secondary thickening are similar to those in a typical root. The initiation of the vascular cambium in most cases preceedes the complete development of the primary xylem ( figure  3 ). Cambium initials appear first at the inner parenchymatous zone between xylem and phloem (figure 3) and are connected to form a continuous and irregular cylinder through division of the pericycle (figure 4). Subsequent cambial activity leads to the production of secondary vascular tissues with large amounts of parenchyma cells. Such meristematic activity results in an enlargement of the axis. In accommodating the widening circumference of the vascular system, cells of the cortex divide anticlinally and expand (figure 5). At the same time, the exodermis undergoes periclinal divisions producing a superficial periderm (figure 5) that replaces the protective function of the epidermis. Thus continued growth and differentiation give rise to a large fleshy root. The tuberization process is always initiated at the ramification region of the primary root (figure 9, Rr), and it may reach into various levels depending on the specimen (figure 9). In some cases it may reach into the transition region and the hypocotyl base.
In both species, from early stages of development, the hypocotyl is clearly distinct from the radicle because the very short transition region is morphologically characterized by a constriction. The largest part of the hypocotyl has essentially cauline structure (figure 14). In some specimens, the hypocotyl constitutes, comparatively, a very small part of the entire tuberous structure. The mature tuberous roots -The development of tuberous roots occurs through the activity of the vascular cambium and does not involve the occurrence of anomalous meristematic activity. The amount of secondary vascular tissues produced is greater in the upper than in the lower portion of the tuberous root. In the mature tuber, the periderm (figure 10) is produced and maintained by an active phellogen throughout the process of tuberization. Like the xylem, the secondary phloem includes large amounts of parenchyma (figures 11-12). Laticiferous cells occur in this tissue and are distinguished from cells of the surrounding tissue by their greater length (figure 13). Non-tuberous roots -Both portions of the subterranean system produce lateral roots (figure 8). Their primary differentiation follows the same pattern as described previously. But in secondarily thickened non-tuberous roots (2,0-5,0 mm diameter), the vascular cambium produces few parenchyma cells so the secondary xylem is heavily lignified (figure 6). The phellogen is produced through division of the single-layered pericycle (figure 6). During periderm formation, cortical cells and endodermis become disorganized and crushed and are ultimately eliminated along with the epidermis. Xylopodium (upper portion) -The xylopodium originates from the hypocotyl and has a predominantly cauline structure (figures 14-16, 23) . But, in some specimens, the shoot-root transition region and the proximal portion of the main root (figures 17 and 24) may be included depending on the tuberization Figures 14-19 . Transections of the hypocotyl and the proximal portion of the main root (16) during the early stages of xylopodium ontogeny in Mandevilla. 14. The hypocotyl has cauline structure and the initiation of the vascular cambium (Vc) in most cases occurs at the same time as the phellogen initiation (Pi). Bar = 60 µm. 15. As the cambium produces secondary vascular tissues, the periclinal and anticlinal divisions of the cortical cells are intensified (arrows). Bar = 120 µm. 16. A callus-like structure (arrow) can be seen on the surface of very young xylopodium (seven months old). Bar = 300 µm. 17. Notice the lateral root emerging through the callus-like structure. Bar = 300 µm. 18. Epidermis undergoes periclinal divisions giving rise to the phellogen (arrow). Bar = 12 µm. 19. Natural self-grafting of the two shoots. Bar = 120 µm. process described previously. In both species, the hypocotyl structure is characterized by an uniseriate epidermis, followed internally by the parenchymatous cortex whose innermost layer accumulates starch. Arrangement of the vascular tissues is bicollateral and the cylinder is almost continuous. At the early stages of xylopodium ontogenesis, the epidermis undergoes periclinal divisions giving rise to the phellogen (figure 18), and some cortical cells undergo anticlinal divisions and expand tangentially. Initiation of the phellogen in most cases occurs at the same time as the formation of the vascular cambium ( figure 14) . As the cambium produces secondary vascular tissues, periclinal and anticlinal divisions intensify in the cortex ( figure 15, arrow) , and the diameter of the organ begins to increase. Cambium activity here differs from that in the tuber portion. It produces phloem with a lower proportion of thinwalled parenchyma cells than in the tuber and the secondary xylem is highly lignified (figure 16). As development proceeds, a callus-like structure can be seen on the surface of very young xylopodia (seven months old) (figure 16, arrow). This structure consists of parenchyma cells externally delimited by the periderm. Sometimes the structure is related to the emerging lateral root (figure 17). As the first shoot dies, another replaces it. During development, successive shoots may undergo self-grafting (figure 19), so that, in adult xylopodia there is often more than one axis of symmetry (figure 22). In the mature xylopodium (figure 20), secondary vascular tissues have fewer parenchyma cells than tuberous roots and lignification of the xylem increases (figures 21-24), and it is possible to see annual ring-like parts ( figure  21 ). The original periderm may be replaced by sequential periderms. This replacement affects the callus-like structure that may be eliminated or ruptured (figure 25).
Discussion
The two Mandevilla species can be distinguished one from the other by subterranean system due to tuberization of some lateral roots in M. illustris. Other authors have pointed out the diagnostic value of underground organ morphology (Estelita-Teixeira 1982 , Pate & Dixon 1982 . This feature is very important because during the 4-month shootless period, they can only be recognized by their underground organs.
Based on the present study, the terminology that should be applied to the subterranean system is xylopodium (upper portion) and tuberous root (lower portion). The term xylopodium was first used by Lindman (1906) for a special type of woody underground structure, present in some plants growing in the Southern herbaceous savannas of Brazil. In his description, he does not define the anatomical nature of this structure, sometimes referred to as an underground stem, either alone or jointly with roots. In fact, the ontogeny of this structure, whose the most striking feature is its gemmiferous ability (Rizzini & Heringer 1961) , is very complex. Paviani (1977) noticed that in Brasilia sickii (Compositae), very common in this kind of vegetation, the xylopodium may be considered a morphological unit but not an anatomical one. According to her, the xylopodial structure is at times cauline and at other times radicular but always with more than one axis of symmetry. In both Mandevilla species studied, the xylopodium has predominantly, a cauline structure (stem-like vascular anatomy) derived from the hypocotyl development. But, sometimes, it shows a shoot-root vascular region or even a radicular structure. These anatomical differences among the plants, and the presence of more than one axis of symmetry that results from a natural self-grafting process of the shoots, have already pointed out by Paviani (1977) . This process is in accordance with the findings of Rizzini & Heringer (1961) who noted that the loss of shoots at the end of every dry season, favours the development of xylopodia. Additionally, features similar to growth rings have been observed in the xylopodia of both species of Mandevilla and in B. sickii (Paviani 1977) . These marks could indicate the seasonal development of xylopodia.
The shapes of xylopodia are very variable; they may be globose, cylindrical (as verified in Mandevilla), or even without definite form (Rachid 1947) . According to Rizzini & Heringer (1961) , they are characteristically extremely hard as we have seen in Mandevilla.
Lignotubers are another kind of woody underground structure that permits a plant to sprout rapidly after fire and to reoccupy burnt areas (Trabaud 1987) . But, unlike xylopodia, lignotubers are storage organs supplied with protected dormant buds (Molinas & Verdaguer 1993) .
Xylopodia, on the other hand, do not have dormant buds. Plants with xylopodia are situated superficially in the driest soil, therefore, they need is be provided with water and food reserves in order to survive the dry season and to produce the aerial shoots during the rainy season (Rizzini & Heringer 1961) . This must be a factor in Mandevilla plants where the xylopodia are associated with a tuberous root. These fleshy roots are distinguished from xylopodia by the predominance in them of storage parenchyma. This tissue is lacking in xylopodia that consist mainly of woody tissues with no other storage cells than normal xylem parenchyma. While fleshy roots are soft, xylopodia are very hard (Rizzini & Heringer 1961) .
There are two groups of xylopodium-bearing plants as stated by Rizzini & Heringer (1961) . Both species of Mandevilla, conform to the second group, that is, they are plants that possess a xylopodium from the beginning of their development under cultivation or under natural conditions. It can thus be assumed that the occurrence of xylopodia is genetically determined and this presence is not merely a modification brought about by environmental conditions (Rizzini & Heringer 1961) .
In both species of Mandevilla, tuber growth and development resulted from activities of a normal cambium cylinder, as in carrot (Daucus carota) (Esau 1940) and in Oxalis (Estelita-Teixeira 1982). They do not involve the occurrence of anomalous meristematic activity. In Mandevilla, the precocious tuberization process is related to the establishment of the species in hard soil conditions and it enables the primary root to retain water helping it to persist through the dry season (Rizzini & Heringer 1962) . In carrot, the hypocotyl and the root partake in forming the fleshy organ through excessive secondary growth (Esau 1940) . However, in some Mandevilla plants, the hypocotyl constitutes a comparatively small part of the entire fleshy structure. In carrot, the largest part of the hypocotyl is essentially radicular, while in Mandevilla the hypocotyl is cauline.
Our observations on xylopodium and tuber structure concur with those on the extra-tuber region of Ipomoea batatas by Wilson & Lowe (1973) and Pachyrhizus erosus by Dabydeen & Sirju-Charran (1990) and supports their suggestion that tuberization is dependent on the relative predominance of lignin biosynthesis, or cell division and expansion in the course of root ontogenesis. Sirju-Charran & Wickham (1988) also suggested that the occurrence of lignification was the major limitation to tuberization of both roots and stem of sweet potato.
Phellogen initials in tuberous roots, non-tuberous roots and in the hypocotyl of Mandevilla originate from different tissues. Waisel & Liphschitz (1975) also have observed an abrupt change from the origin of phellogen in the epidermis to its origin in the pericycle between hypocotyl and root in Nerium oleander (Apocynaceae). The first phellogen of nontuberous roots originates deep inside the pericycle, as generally described for roots (Esau 1977) . But, in tuberous roots the first periderm has subepidermal origin, probably owing to their storage function. Superficial origin allows the parenchymatous cells of the cortex, not eliminated, to store starch. In the xylopodium, the first periderm is also superficial, but it originates from epidermis of the hypocotyl. The first periderm in the xylopodium of B. sickii is formed partly in the epidermis and partly in subepidermal cells (Paviani 1977) and, as in Mandevilla , the xylopodia show sucessive periderms.
